Introduction
Like many other microorganisms, pathogenic bacteria use siderophores, small high-affinity iron-chelating compounds, for the purpose of iron acquisition, which is an important process in microorganism development and function. In an iron-deficient environment in a host organism, siderophores give the infectious pathogen the ability to obtain this fundamental element from the host's iron-containing proteins. Without this capability, the pathogenic microorganism would be unable to grow and would gradually be defeated by the host's immune system or by iron starvation (Ratledge & Dover, 2000) . Bacillus anthracis produces two catecholate siderophores, petrobactin (associated with the asb operon) and bacillibactin (associated with the bac operon), with the latter only being expressed under iron-limited conditions (Lee et al., 2011) . Five genes are involved in the bacillibactin biosynthetic pathway: dhbABCEF (Hotta et al., 2010) . The main enzymes involved in the assembly of bacillibactin are encoded by the genes of the entA-dhbBCF cluster. In the evolutionarily closely related species B. subtilis, two distinct isochorismate synthase genes, dhbC and menF, are involved in the biosynthesis of the siderophore 2,3-dihydroxybenzoate (DHB) and the respiratory-chain component menaquinone (MK), respectively. The studies of Rowland and Taber showed that DhbC can compensate for a lack of MenF, but the opposite is not true. Moreover, depletion of dhbC results in the absence of DHB (Rowland & Taber, 1996) . Also, dhbC expression is strongly regulated by the iron concentration (Rowland & Taber, 1996; Baichoo et al., 2002) , which is not the case for menF. The aforementioned studies show the importance of DhbC in siderophore biosynthesis.
Materials and methods
Protocols and a detailed history of experiments for B. anthracis DhbC are publically available at http://csgid.org/csgid/space_tree/view/ IDP01205.
Cloning, expression and purification
The open reading frame of dhbC was amplified by polymerase chain reaction from B. anthracis strain Ames genomic DNA using forward 5 0 -TACTTCCAATCCAATGCGATGAATGAATTTACG-GCTGTAAA-3 0 and reverse 5 0 -TTATCCACTTCCAATGCTACT-TTTCATTAAGTGAACTATC-3 0 primers. The gene was cloned into a pMCSG19c plasmid using ligation-independent cloning (Aslanidis & de Jong, 1990; Haun & Moss, 1992; Eschenfeldt et al., 2009) . This is a fusion expression vector which encodes an N-terminal maltosebinding protein (MBP) cleavable by Tobacco vein mottling virus (TVMV) protease and a hexahistidine tag cleavable by Tobacco etch virus protease (MHHHHHHSSGVDLGTENLYFQ/SNA). This vector also carries TVMV protease, which allows in vivo MBP cleavage (Donnelly et al., 2006) . Expression levels in the first-choice vector, pMCSG7, were significantly lower and were not sufficient for protein purification. The gene was overexpressed in Escherichia coli BL21-CodonPlus(DE3)-RIPL cultures. Cells were grown in M9 SeMET High-Yield growth medium (Shanghai Medicilon) at 310 K to an optical density (at 600 nm) of approximately 1.2, induced with 0.4 mM isopropyl -d-1-thiogalactopyranoside and grown overnight with shaking at 293 K. Use of selenomethionine-substituted protein was imposed by the lack of a high sequence-identity template (>30%) for molecular replacement. The harvested cells were sonicated in lysis buffer [300 mM NaCl, 50 mM HEPES pH 7.5, 5%(v/v) glycerol, 5 mM imidazole, 0.5 mM phenylmethylsulfonyl fluoride, 1 mM benzamidine] and clarified by centrifugation; the supernatant was applied onto nickel-chelate affinity resin (Ni-NTA; Qiagen). The resin was washed with wash buffer [300 mM NaCl, 50 mM HEPES pH 7.5, 5%(v/v) glycerol, 30 mM imidazole] at 277 K and the protein was eluted using elution buffer [300 mM NaCl, 50 mM HEPES pH 7.5, 5%(v/v) glycerol, 250 mM imidazole]. The hexahistidine tag was cleaved from the protein by the addition of 1 mg recombinant Histagged TEV protease per 15 mg of eluted protein in the presence of EDTA, TCEP and arginine (final concentrations of 1, 0.5 and 200 mM, respectively). Arginine was included in the buffer in order to suppress protein aggregation (Tsumoto et al., 2004; Arakawa et al., 2007) . The cleavage was performed at 277 K overnight and continued during dialysis into cleavage buffer (300 mM NaCl, 50 mM HEPES pH 7.5, 0.5 mM TCEP). Cleaved protein was separated from TEV protease by running over nickel-chelating resin.
Crystallization
The crystals of selenomethionine-incorporated DhbC used for data collection were grown by the hanging-drop vapor-diffusion method. The well solution consisted of 2 M ammonium sulfate, 2%(v/v) PEG 400, 100 mM HEPES pH 7.5, 50 mM bis-tris pH 5.5. Drops were formed by mixing 2 ml well solution and 2 ml 16 mg ml À1 protein in 300 mM NaCl, 10 mM HEPES pH 7.5, 0.5 mM TCEP. Crystals were grown at room temperature and formed after one week of incubation. Immediately after harvesting, the crystals were transferred into cryoprotectant solution consisting of 7% glycerol, 7% sucrose, 7% ethylene glycol in mother liquor, passed through Paratone oil and flash-cooled in liquid nitrogen.
Data collection and processing
Data were collected at 100 K on the 19-BM beamline of the Structural Biology Center (Rosenbaum et al., 2006) at the Advanced Photon Source (Argonne National Laboratory, Argonne, Illinois, USA) controlled by HKL-3000 (Otwinowski & Minor, 1997; Minor et al., 2006) . Diffraction data were processed with HKL-3000 and can be obtained through the CSGID webpage (http://www.csgid.org/csgid/ pages/diffraction_images). Data-collection, structure-determination and refinement statistics are summarized in Table 1 .
Structure solution and refinement
The structure of the selenomethionine-substituted protein was determined using single-wavelength anomalous diffraction (SAD) and initial models were built with HKL-3000. HKL-3000 is integrated with SHELXC/D/E (Sheldrick, 2008) , MLPHARE (Otwinowski, 1991) , DM (Cowtan & Main, 1993; Cowtan & Zhang, 1999) , ARP/ wARP (Perrakis et al., 1999) , CCP4 , SOLVE and RESOLVE (Terwilliger, 2004 ). The resulting model was further refined with REFMAC5 (Murshudov et al., 2011) and Coot (Emsley & Cowtan, 2004) . MolProbity (Chen et al., 2010) and ADIT (Yang et al., 2004) were used for structure validation. The coordinates and experimental structure factors were deposited in the Protein Data Bank (PDB) with accession code 3os6.
Bioinformatics analyses
Sequence-homolog searches were performed with PSI-BLAST (Altschul et al., 1997) . Structural homolog searches were performed with DALI (Holm & Rosenströ m, 2010) 
Spectrophotometric activity assay
An enzyme-activity assay was performed to detect isochorismate synthase activity ( Fig. 1 ) and its dependence on Mg 2+ ions. The assay monitors the formation of isochorismate by measuring the increase in absorbance at 278 nm (He & Toney, 2006) . The kinetic assay was performed using a PHERAstar FS microplate reader at 303 K for 10 min. The 100 ml reaction mixture consisted of 50 mM HEPES pH 7.5, 300 mM NaCl, 5 mM MgCl 2 , 10 mg DhbC, 1 mM chorismic acid. Samples were incubated for at least 10 min at room temperature prior to the addition of chorismate and measurement. The absorbance was monitored every 60 s during 10 min of reaction. Average changes in the absorbance were recorded for three repeats of the experiment. The isochorismate concentration was calculated using Á" isochorismatechorismate = 10 211 M À1 cm À1 .
Results and discussion
3.1. Overall structure B. anthracis DhbC crystallized in a primitive cubic space group (P2 1 3) with two dimers in the asymmetric unit, which is consistent with the gel-filtration results and PISA server analysis (Krissinel & Henrick, 2007) . The structure was determined using the singlewavelength anomalous diffraction method and a selenomethioninesubstituted data set (data-collection and refinement parameters are shown in Table 1 ). Several fragments were not modeled owing to a lack of electron density, including the N-terminal 8-9 residues (Fig. 2) , the 6-7 loop and some residues in the 9-10 loop. Structural similarity searches using DALI (Holm & Rosenströ m, 2010) suggest that DhbC belongs to the aminodeoxychorismate (ADC) synthase domain family according to the SCOP classification (SCOP class d.161.1.1; Murzin et al., 1995) and the PF00425 family (which contains chorismate-binding enzymes) in the Pfam classification (Bateman et al., 2004) . DhbC adopts the ADC synthase-like fold containing four repeats of an -2 -motif arranged in a four-layer core structure, where the layers are /// with orthogonally packed -sheets. The first -sheet is comprised of 6, 2, 1, 9, 10, 19, 20, 8 and 7. The second -sheet is comprised of 3, 5, 4, 17, 18, 11, 12, 16 and 14, and the small third sheet contains 13, 16 and 15. The -sheets are surrounded by nine -helices. The overall structure of DhbC is shown in Fig. 3 .
Structural homologs and characteristics of DhbC
The structures of several isochorismate-utilizing enzymes have previously been solved by X-ray crystallography ( Table 2) . Structurally, DhbC strongly resembles isochorismate synthase EntC from E. coli (Sridharan et al., 2010) , as shown in Fig. 4 . This enzyme is part of the E. coli biosynthesis pathway of the enterobactin siderophore (Sridharan et al., 2010) . Like B. anthracis and B. subtilis, E. coli also has two isochorismate synthase genes, but entC is not able to fully restore menaquinone deficiency in mutants with a disrupted menF gene (Dahm et al., 1998) . HHpred analysis (Sö ding, 2005) showed that the salicylate synthetases Irp9 from Yersinia enterocolitica (Kerbarh et al., 2006) 
Active site
The active site of B. anthracis DhbC bears a strong resemblance to that of EntC from E. coli, as shown in Fig. 5 . All catalytically important residues are evolutionarily conserved with the exception of two: in B. anthracis DhbC Leu304 is substituted by the chemically related amino acid Val305, while Phe359 is substituted by Tyr360. The latter mutation is also present in DhbC from B. subtilis and in MenF from E. coli and Y. pestis; therefore, this mutation may not cause a significant change in enzyme activity. In contrast to E. coli EntC, neither the product of the DhbC reaction nor a magnesium ion is bound in the active site of DhbC. In EntC, a magnesium ion is coordinated between the side chains of Glu241 and Glu376 and the C1 carboxylate of bound isochorismate. In DhbC the side chain of Glu241 is rotated to the outside of the active site, opening the chorismate-binding pocket. In the position corresponding to the isochorismate C1 carboxylate in EntC, a sulfate ion is coordinated by the conserved Lys381 and Ser215 and the backbone N atoms of Gly214 on one side and Gly364 on the opposite side. Comparison with EntC shows that binding of the reaction product in the active site does not affect the arrangement of the enol-pyruvyl holding residues Lys381, Ile347 and Arg348 (Lys380, Ile346 and Arg347 in EntC). The orientation of the aromatic residue pair Phe328 and Tyr360 in DhbC differs from the orientation of the corresponding residues Phe327 and Phe359 in EntC, but is in agreement with the orientation of corresponding pairs in other chorismate-utilizing enzymes.
Experimental analyses by Sridharan et al. (2010) showed that Ala303 in EntC from E. coli (Ala304 in DhbC from B. anthracis) plays an important role in positioning the peptide-bond carbonyl, enabling the formation of a proper hydrogen bond to the isochorismate C2 hydroxyl. This residue is mutated to Ser338 in Cytophaga hutchinsonii PabB, to Ser366 in E. coli PabB and to Thr348 in Structure of DhbC from B. anthracis strain Ames (PDB entry 3os6) shown in cross-eyed stereo. The structure is colored according to the secondary-structure element order from deep blue (N-terminus) to deep red (C-terminus). The N-and C-termini, as well as the secondary-structure elements, are labeled.
Figure 2
Typical (2mF o À DF c ) electron density. A portion of the electron density covering the N-terminal residues of the crystal structure of DhbC from B. anthracis is shown with a refined model and contoured at the 1.0 level. (Li et al., 2011) 16 324 vation of both of these residues in DhbC, EntC and MenF indicates their importance in sustaining isochorismate synthase activity. Lys147 of E. coli (Lys142* in B. anthracis) is thought to act as a catalytic base by activating a nucleophilic water molecule which is also hydrogenbonded to the C2 hydroxyl group of isochorismate (He & Toney, 2006) . This residue is substituted by Glu182 in the ADC synthase from C. hutchinsonii (PDB entry 3h9m; New York SGX Research Center for Structural Genomics, unpublished work) and by Gln210 in that from E. coli (PDB entry 1k0e; Parsons et al., 2002) . Both of these residues possess different biochemical properties that can result in differences in activities.
The F327Y mutation in EntC results in a 48-fold decrease in enzyme efficiency (Sridharan et al., 2010) . In both MenF and Irp9 Phe327 is substituted by Tyr, while in both DhbC and EntC it is strongly conserved. There is a parallel-displaced -stacking interaction between the two phenylalanines Phe327 and Phe359 in the structure of EntC; however, as can be clearly seen in Fig. 5 , the position of the aromatic rings is completely different from that in DhbC (Phe328-Tyr360). It is worth noting that the same orientation of the aromatic rings of Tyr368-Tyr399 is observed in the structure of MenF from E. coli. The Phe328-Tyr360 pair in DhbC is changed to Phe362-Glu396 in ADC synthase from C. hutchinsonii (PDB entry 3h9m), to Trp390-Ser422 in ADC synthase from E. coli (PDB entry 1k0e) and to Tyr372-Gln403 in salicylate synthase from Y. enterocolitica (PDB entry 2fn0; Kerbarh et al., 2006) . In all of these cases these substitutions completely change the geometry of the interactions. There are no longer two aromatic rings that can create stacking interactions as takes place in EntC, MenF or DhbC, which may be one of the functional determinants.
Enzymatic activity
The isochorismate synthase activity of B. anthracis DhbC was tested using a spectrophotometric activity assay which monitors the formation of isochorismate by the increase in the absorbance of monochromatic light at 278 nm. For a reaction mixture containing 10 mg enzyme, 5 mM MgCl 2 and 1 mM chorismic acid, we observed an average (from three repeats of the experiment) conversion rate of 33% of substrate after 10 min of reaction. For two control samples that lacked either MgCl 2 or DhbC we did not detect the formation of isochorismate. The assay confirmed that DhbC has the enzymatic function of isochorismate synthase and that its activity is dependent on the presence of Mg 2+ ions.
Conclusions
In this study, we determined the crystal structure of the isochorismate synthase chorismate-utilizing enzymes. The composition of its active center suggests that DhbC uses the Mg 2+ -dependent catalytic mechanism originally proposed by Walsh and refined by He, Kolappan and other researchers (Walsh et al., 1987; He et al., 2004; Kolappan et al., 2007; Ziebart & Toney, 2010) . In this mechanism, Lys142 is the base that is generally responsible for the activation of the water molecule for nucleophilic attack at the C2 hydroxyl group of chorismate, the backbone carbonyl of Ala304 is a hydrogen-bond acceptor for the C2 hydroxyl and Glu197 is a general acid for the loss of the C4 hydroxyl. This general mechanism is proposed here for DhbC based on the discussed structural and experimental analyses.
